We report how the in-plane dispersion of a high-index-contrast grating reflector influences the transverse mode properties such as shorter wavelengths for lower-order transverse modes and different transverse-mode wavelength spacings for modes with the same size.
Introduction
Recently, the high-index-contrast grating (HCG) is an attractive alternative to the distributed Bragg reflector (DBR) for vertical-cavity surface-emitting lasers (VCSELs), thanks to its broadband high reflectivity [1] . A unique property of the HCG is that it allows to modify the dispersion of the vertical cavity modes in the in-plane directions [2] . This distinct dispersion characteristic results in interesting effects which provides great flexibilities to control the transverse mode sizes, wavelengths, and spatial orders separately in x and y directions.
HCG-based Vertical Cavity
As shown in Fig. 1(a) , our test vertical cavity (VC) consists of a DBR, an air cavity, and an HCG. An HCG is a membrane of high-refractive-index dielectric with one-or two-dimensional grating, surrounded by low-refractiveindex media. In reciprocal lattice space, the HCG modes involved in the reflection process locate near the Γ point above the light line. Near the Γ point these HCG modes can have either positive or negative dispersion curvature that corresponds to a group velocity in the same or opposite direction to a transverse wavevector, respectively. In Fig. 1(b) , the blue and red arrows in the HCG denote negative dispersion case while the green denotes positive case. Case 1 correspond to positive cavity dispersion (electron-like), 2 is for zero cavity dispersion and case 3 is for negative cavity dispersion (hole-like).
In a vertical cavity, the total in-plane dispersion of a cavity mode has contributions from the in-plane dispersions of the two mirrors and the propagation in the nominal cavity. As shown in Fig. 1(b) , both the DBR and the propagation dispersion are always positive, while the HCG dispersion can be either positive and negative. Thus, the total cavity dispersion can be positive (case 1), zero (case 2), or negative (case 3). Fig. 1(c) shows these three cases for the test vertical cavity designed around 1550 nm wavelength. By analogy with electron bandstructures, we call the positively and negatively curved cavity dispersion as electron-like and hole-like, respectively. For DBR-based vertical cavities, only the electron-like dispersion can be observed. By changing the HCG dimensions, both the curvature and band edge frequency of the cavity dispersion can be varied.
In-plane Cavity Dispersion Effects
It is well known that photonic heterostructures can be used to realize longitudinal mode confinement, where the heterostructure is in the direction of light propagation. However, in the case of HCG-based VC photonic hetrostructures are used for the transverse mode confinement [2] . As shown in Fig. 2(a) , they can be formed by introducing small variation in grating bar width or period in the well region.
It is well known that higher order transverse modes in VCSELs have higher frequencies or equivalently shorter wavelengths due to their higher spatial k component in the in-plane direction. However in-plane cavity dispersion can change this property. To illustrate the possibility of modifying the fundamental mode property, two HCG-based cavities with positive and negative in-plane dispersions are simulated. For electron-like case (Fig. 2(b) ), we have the usual situation of VCSELs; the fundamental mode has the longest wavelength. However, for the hole-like case (Fig.  2(c) ), the fundamental mode has shorter wavelength than the higher order modes. As shown in Fig. 2(d) , not only the sign but also the magnitude of the mode spacing depends on the band curvature of cavity dispersion. There are several more interesting effects such as bunching of transverse modes in x and y directions, which is observed in our recent experiments [4] . More details will be discussed in the talk. 
Conclusion
It has been shown that in-plane dispersion of a high-index-contrast grating reflector can affect several properties of the transverse mode such as shorter wavelengths for lower-order transverse modes and different transverse-mode wavelength spacings for modes with the same size.
